A Gram-stain-negative, microaerophilic strain, 80(YS1) T , with a spiral-shaped morphology and 1-2 sheathed flagella at each end of the cells was isolated from the gastric mucosa of Marmota himalayana, the animal reservoir of Yersinia pestis in China, on the Qinghai-Tibet Plateau. The strain grew at 30, 35 and 42 6C, but not at 25 6C. Growth was in the form of a thinly spreading film on brain heart infusion agar containing 8 % sheep blood under microaerobic conditions. The strain did not hydrolyse urea or hippurate, and did not grow on media containing 1 % glycine. It reduced nitrate to nitrite, and was catalase-and alkaline-phosphatase-positive, susceptible to nalidixic acid and resistant to cefalotin. It was positive for genus-specific PCR for the genus Helicobacter, but could not be classified to any recognized species according biochemical tests results. Therefore, a phylogenetic study based on 16S rRNA, 23S rRNA, 60 kDa heat-shock protein (hsp60) and gyrase subunit B (gyrB) genes was conducted. The 16S rRNA gene sequence (1468 bp) analysis showed that strain 80(YS1) T was most closely related to Helicobacter marmotae (96.7 % similarity). The 23S rRNA gene sequence (2879 bp) analysis showed that the strain was most closely related to Helicobacter canis (96 % similarity). The complete gyrB gene sequence (2325 bp) analysis showed that it was related phylogenetically to Helicobacter cinaedi (79.4 % similarity) and H. marmotae (79.1 % similarity). Analysis of the partial sequence of the hsp60 gene of strain 80(YS1) T showed closest similarity to the sequences of Helicobacter equorum (82 %) and H. cinaedi (81 %), respectively. However, there was no hsp60 sequence of H. marmotae available for analysis. The data of morphological, biochemical and phylogenetic characteristics all supported that this strain represents a novel species. The name Helicobacter himalayensis sp. nov. is proposed for this novel species with the type strain 80(YS1) T (5CGMCC 1.12864 T 5DSM 28742 T )
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On: Sun, 30 Dec 2018 07:25:10 been associated with intestinal lesions in experimental animals (Burkitt et al., 2013; Flahou et al., 2013; Fowsantear et al., 2014) that could potentially interfere with biomedical research. Helicobacter marmotae from livers of woodchucks (Fox et al., 2002) was reported in 2002.
We successfully isolated a strain of the genus Helicobacter from Marmota himalayana on the Qinghai-Tibet plateau, China. The plague is hosted in this region by marmots, a burrowing rodent. Most patients of plague are marmot hunters. It was believed that the magnitude 6.9 earthquake in Yushu County of Qinghai Province on 14 April 2010 created favourable conditions for plague outbreak by awaking marmots from hibernation on the Qinghai-Tibetan Plateau. Therefore, we launched a four-year operation in Qinghai Province to monitor animal plague activity to avert a possible outbreak of plague. A total of 118 adult M. himalayana were captured and sampled. All samples were screened for members of the genus Helicobacter by genus-specific PCR, and 19 of 118 faecal samples showed positive results. However, we failed to isolate a strain of the genus Helicobacter in 19 PCR-positive faecal samples by using the most commonly used isolation procedures for these specific organisms.
Considering the ecological niche of the bacterium, we tried isolation from gastric biopsies which were collected aseptically then immediately stored at 270 u C, in individual vials containing 2 ml 20 % glycerol in brain heart infusion medium (BHI; Oxoid). Eleven of 118 gastric specimens were positive for the Helicobacter genus-specific PCR test (Al-Soud et al., 2003) . The faecal samples of all 11 animals were positive with Helicobacter genus-specific PCR. Bacterial cultivation was conducted for PCR-positive specimens. Thirty milligrams of mucus specimen was scraped using a glass slide and then mixed with 1 ml BHI broth supplemented with 20 % fetal bovine serum (Gibco). Approximately 500 ml of the mixture was filtered through a 0.45 mm-pore-size filter on BHI agar containing 8 % (v/v) horse blood (Bohr et al., 2006) , 5 mg amphotericin B (Fungizone; Fluka) ml 21 , Campylobacter-selective supplement (Oxoid; containing 10 mg vancomycin l 21 , 5 mg trimethoprim lactate l 21 and 2500 U polymyxin B l 21 ) and 0.1 % activated charcoal. Plates were incubated in a microaerobic atmosphere (5 % CO 2 , 5 % H 2 , 0.5 % O 2 and 89.5 % N 2 ) at 35 u C under 95 % humidity. Plates were checked daily. The BHI broth supplemented with 20 % fetal bovine serum was added to the agar surface to ensure that the plates would not dry out (Baele et al., 2008a, b; Van den Bulck et al., 2006) .
For further isolation of pure culture, we used fresh blood agar at pH 5, which has been used to isolate species of the genus Helicobacter from the stomachs of animals (Baele et al., 2008a, b; Van den Bulck et al., 2006) . Additionally, a 0.45 mm-poresize filter was used to selectively remove smaller microorganisms, and activated charcoal was used to remove toxic compounds in the medium (Taneera et al., 2002) .
One of 11 PCR-positive specimens showed growth of a bacterium belonging to the genus Helicobacter. Primary growth was detected after 3 days of incubation and assessed by light microscopy, revealing the presence of large, spiralshaped, motile bacterial cells. Growth of subcultures occurred as a spreading layer on moist agar plates. Gram-staining revealed that the isolate was Gram-stain-negative and had a helical shape. The isolate was designated strain 80(YS1) T . Bacteria with typical spiral morphology were harvested in BHI agar and stored at 270 u C in BHI broth supplemented with 20 % glycerol and 20 % sterile inactivated fetal bovine serum.
The genomic DNA of strain 80(YS1) T was extracted using a Genomic DNA Purification kit (Promega) according to the manufacturer's instructions. By using the genus-specific PCR methods described by Germani et al. (1997) , a positive result was obtained, indicating strain 80(YS1) T belonged to genus of Helicobacter.
A total of 1468 bp 16S rRNA gene sequence for strain 80(YS1) T was obtained by PCR methods using primers 27F and1492R (Delgado et al., 2006) . The sequence was compared with those of species of the genus Helicobacter available in GenBank. Data showed that the 16S rRNA gene sequence of 80(YS1) T was 96.7 % similar to that of H. marmotae MIT 98-6070 T , from the liver of a woodchuck (Fox et al., 2002) . It was also 96.3 % similar to the 16S rRNA gene sequence of Helicobacter pullorum ATCC 51801 T from the liver of a hen (Stanley et al., 1994) .
Although analysis of 16S rRNA gene sequences has become the primary method for determining prokaryotic phylogeny, studies have shown that it alone is not suitable for species identification in the genus Helicobacter because some species can have as high as 99 % similarity. Some researchers (Dewhirst et al., 2000; Jalava et al., 1997; Vandamme et al., 2000) have suggested that 23S rRNA gene sequence analyses are more discriminatory than 16S rRNA gene sequence analyses alone, in the cases of the genus Helicobacter. Therefore, we amplified the 23S rRNA gene sequences of 80(YS1) T using PCR primers O68 and M89 as described by Dewhirst et al. (2005) . Sequence of 2879 bp were obtained. The 23S rRNA gene sequence analysis showed that 80(YS1) T was related most closely to Helicobacter canis (96 % sequence similarity). It should be noted that sequence similarity values for H. marmotae and H. pullorum were 95 % and 93 % respectively. Phylogenetic relationship was further analysed by using MEGA 5.0 software (neighbour-joining method). A comparison of the combined sequences of the 16S rRNA and 23S rRNA genes of strain 80(YS1) T with those of other species of the genus Helicobacter is shown as a distance matrix (Table S1 available in the online Supplementary Material). A phylogenetic tree obtained from this matrix using the neighbourjoining method revealed clustering of the novel isolate among intestinal species of the genus Helicobacter as a separate branch ( Fig. 1 ) and the supporting bootstrap value was 82.
The complete DNA sequence of the gyrB gene, 2325 bp in length, was obtained for strain 80(YS1) T using the protocol described by Dewhirst et al. (2005) . It showed 79.4 and 79.1 % similarity with those of Helicobacter cinaedi and H. marmotae. Strain 80(YS1) T and H. marmotae were in separate subclusters in the phylogenetic tree (bootstrap value 91; Fig. 2 ) This similarity value yielded a sufficient difference to consign 80(YS1) T into a new taxon. Multiplealigned distances are shown in Table S2 . A phylogenetic tree obtained from this matrix using the neighbour-joining method is shown in Fig. 2 .
An additional conserved gene, hsp60, was used to obtain further phylogenetic information to differentiate species of the genus Helicobacter (Mikkonen et al., 2004) . The partial sequence of hsp60 of 80(YS1) T was obtained using the method described by Mikkonen et al. (2004) . It showed 82 and 81 % similarity with those of Helicobacter equorum and H. cinaedi. Those data provided further evidence to consign 80(YS1) T into a new taxon. Unfortunately, there was no hsp60 sequence data of H. marmotae available for analysis, which is the most closely related species to strain 80(YS1) T , considering the host animal species (Marmota) they were isolated from. The multiple-aligned distances are shown in Table S3 . A phylogenetic tree obtained from this matrix using the neighbour-joining method is shown in Fig. S1 .
The morphology of strain 80(YS1) T was studied by means of transmission and scanning electron microscopy as described by Houf et al. (2005) and Mast et al. (2005) respectively. Cells of strain 80(YS1) T presented a large, slightly spiral-shaped appearance with 1-2 sheathed flagella at both ends of each cell. The flagella were blunt-ended and some ended in a spherical knob about twice the diameter of the flagella body. The cells were approximately 2.0-5.0 mm long and 0.2-0.5 mm wide (Fig. 3) Helicobacter aurati CCUG 47791 T (AJ969179)
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Helicobacter valdiviensis WB14 T (KF939136) (TTC), alkaline phosphatase activity, and pyrrolidonyl, Larginine and L-aspartate arylamidase activities. Tests were read after 24 h of incubation at 35 u C in an aerobic atmosphere. Indoxyl acetate hydrolysis was determined with the Rapid ID 32A kit system (bioMérieux). Susceptibility to cefalotin and nalidixic acid (both at 30 mg per disc; Oxoid) was examined on BHI agar plates supplemented with 8 % defibrinated sheep blood, as recommended by Dewhirst et al. (2000) . A detailed list of results is given in the species description below and a comparison of the most important phenotypic characteristics of strain 80(YS1) T with those of other species of the genus Helicobacter is shown in Table 1 . Strain 80(YS1) T could be differentiated from H. marmotae by being negative in the urease test and positive for the nitrate reduction test, growth at 42 u C and in the GGT degradation test.
We then sequenced the genome of strain 80(YS1) T . Chromosomal DNA from 80(YS1) T for genome sequencing was isolated by using a Wizard Genomic DNA Purification kit (Promega), and sequenced using Illumina Hiseq2000 90 bp paired-end sequencing. A total of 103 contigs were obtained in 134 scaffolds using SOAPdenovo (version 2.04). The draft genome size of 80(YS1) T was 1 776 923 bp.
To further clarify the taxonomic relationship between strain 80(YS1) T and other species of the genus Helicobacter, the genome sequence of strain 80(YS1) T was used for in silico DNA-DNA hybridization (DDH) analysis. DDH has been used to define species since the 1960s. A value of 70 % DDH was proposed by Wayne et al. (1987) as a recommended standard for delineating species. Especially when the species to be distinguished share 16S rRNA gene similarity values of more than 97 %, DDH must be used as an additional measure (Goodfellow et al., 1998) . In recent years, genome sequence based DDH has been replacing wetlab DDH to be used in microbial taxonomy (Auch et al., 2010; Deloger et al., 2009) . In silico DDH was performed between strain 80(YS1) T and other species of the genus Helicobacter using the DDH web-software (Auch et al., 2010) at http:// ggdc.dsmz.de/ and the draft genome of strain 80(YS1) T . The DNA relatedness values of 80(YS1) T with the other species of the genus Helicobacter were much lower than the proposed threshold, ranging from 17.7 to 39.9 % ( Table 2 ). The DDH values obtained in this study clearly indicate that strain 80(YS1) T represents a distinctive novel species in the genus Helicobacter because the relatedness value is well below 70 % (Wayne et al., 1987) .
The data from biochemical reactions, morphological characterization and extensive phylogenetic analysis with four conserved genes indicated that strain 80(YS1) T represents a novel species of the genus Helicobacter. The genome-togenome distance comparison (GGDC) value below 70 % further demonstrated that the isolate represents a novel species. The name of Helicobacter himalayensis sp. nov. is suggested. Phylogenetic analysis with 16S rRNA, 23S rRNA, gyrB and hsp60 gene sequences indicated that 80(YS1) T is only distantly related to all recognized species of the genus Helicobacter. Biochemically, it was most closely related to H. pullorum (Table 1) , which has usually been isolated from birds (Van den Bulck et al., 2005a) . Strain 80(YS1) T was isolated from gastric mucosa, of marmots (M. himalayana), on the Qinghai-Tibet Plateau, China. H. marmotae was isolated from the liver of woodchucks (Marmota monax) maintained in captivity (USA) (Fox et al., 2002) . Other characteristics which differentiated strain 80(YS1) T from H. T ; 2, H. marmotae; 3, H. equorum.; 4, H. pullorum; 5, H. canadensis; 6, H. pylori; 7, H. mustelae; 8, H. felis; 9, H. fennelliae; 10, H. cinaedi; 11, H. acinonychis; 12, H. canis; 13, H. hepaticus; 14, H. bizzozeronii; 15, H. salomonis; 16, H. aurati. Data used for comparison were from the reports of Dewhirst et al. (2000) , Fox et al. (2002) and Van den Bulck et al. (2006) marmotae were nitrate reduction, urease activity, c-glutamyl transpeptidase, growth on 1 % glycine and at 42 u C, and susceptibility to nalidixic acid (Table 1) . These two rather similar species of the genus Helicobacter have co-evolved with their hosts living on different continents, America and Asia, for a long time, which could have caused geographical isolation and allopatric speciation (Whitaker, 2006) . Nevertheless, this is the first description of a species of the genus Helicobacter isolated from marmot gastric mucosa. We isolated three additional strains from the faecal samples, but failed to detect these in liver samples of marmots in this study. It should be mentioned that oedema and hyperaemia have been noticed in the stomachs of marmots which tested positive for the novel species by PCR methods. Therefore, H. himalayensis sp. nov., as a new member of the non-Helicobacter pylori species of the genus Helicobacter, has the potential to be pathogenic to animals or humans. Further studies are required to define the natural habitat and host range of H. himalayensis sp. nov. and to determine its clinical significance and zoonotic potential. The type strain, 80(YS1) T (5CGMCC 1.12864 T 5DSM 28742 T ), was isolated from the gastric mucosa of a marmot of the Qinghai-Tibet Plateau. The type strain is resistant to cefalotin and susceptible to nalidixic acid. Results are expressed as percentages based on Formula 2: sum of all identities found in high-scoring segment pairs (HSPs) divided by overall HSP length. Formula 2 is independent of genome length and is thus more robust when applied to incomplete data.
Description of
Strain DNA relatedness (%) with the whole genome of: 
